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ABSTRACT
We study the evolution of global shapes of galaxies using cosmological simulations.
The shapes refer to the components of dark matter (DM), stars and gas at the stellar
half-mass radius. Most galaxies undergo a characteristic compaction event into a blue
nugget at z ∼ 2−4, which marks the transition from a DM-dominated central body to
a self-gravitating baryonic core. We find that in the high-z, DM-dominated phase, the
stellar and DM systems tend to be triaxial, preferentially prolate and mutually aligned.
The elongation is supported by an anisotropic velocity dispersion that originates from
the assembly of the galaxy along a dominant large-scale filament. We estimate that
torques by the dominant halo are capable of inducing the elongation of the stellar
system and its alignment with the halo. Then, in association with the transition to
self-gravity, small-pericenter orbits puff up and the DM and stellar systems evolve into
a more spherical and oblate configuration, aligned with the gas disc and associated
with rotation. This transition typically occurs when the stellar mass is ∼ 109 M and
the escape velocity in the core is ∼ 100 km s−1, indicating that supernova feedback
may be effective in keeping the core DM-dominated and the system prolate. The early
elongated phase itself may be responsible for the compaction event, and the transition
to the oblate phase may be associated with the subsequent quenching in the core.
Key words: galaxies: evolution — galaxies: formation — galaxies: kinematics and
dynamics — galaxies: spiral
1 INTRODUCTION
The global shape of a galaxy is a major characteristic
of the galaxy, which reflects the dominant mechanisms
involved in its formation and evolution. In particular, at
low redshifts, galaxies tend to be oblate systems, either
discs or puffed-up oblate spheroids. These shapes re-
flect a basic difference in the kinematics, from rotation-
dominated systems to pressure-supported spheroids,
with a varying ratio of rotation velocity to velocity dis-
persion.
There is a very surprising indication from observa-
tions that galaxies of relatively low masses at high red-
shift are actually elongated, preferentially prolate sys-
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tems. Based on the observed ellipticities of projected
images, Law et al. (2012) found that the population of
galaxies at z = 1.5 − 3.6 is better described by triax-
ial systems, with a ratio between the minor and ma-
jor semi-axes of c/a ∼ 0.3 and a ratio between the in-
termediate and major semi-axis of b/a ∼ 0.7. Chang
et al. (2013) looked at a sample of early-type galax-
ies at 1 < z < 2.5, and adopting ad hoc assumptions
concerning the distributions of the three-dimensional
axial ratios, concluded that the oblate fraction in the
three-dimensional shapes is increasing with cosmic time
for galaxies with M∗ < 1010.5 M. van der Wel et al.
(2014) deduced in a similar way from CANDELS+3D-
HST data that most of the galaxies with stellar mass
M∗ ∼ 108.5 − 109.5 M at z ∼ 1 − 2 are prolate,
while more massive galaxies, or galaxies at lower red-
shift, could be oblate. Takeuchi et al. (2015) confirmed
this finding using GOOD-S and SXDS data. They de-
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duced intrinsic triaxial shapes where b/a evolves from
∼ 0.81± 0.04 at z ∼ 2 to b/a ∼ 0.92± 0.05 at z ∼ 0.7.
This is consistent with an evolution from a more pro-
late configuration to a rounder, more oblate system. Our
goal in this paper is to measure the intrinsic shape evo-
lution in cosmological simulations, quantify its depen-
dence on mass and time, and attempt to understand
the origin of prolate galaxies at high redshift and their
evolution into oblate systems in more massive galaxies
at low redshift.
Based on N -body simulations of structure forma-
tion in the standard Λ cold dark matter (ΛCDM) cos-
mology, we know that the inner parts of dark-matter
(DM) haloes soon after their assembly show triaxial
shape, with average axial ratios at the virial radius of
b/a ∼ 0.6 and c/b ∼ 0.67 (where the ellipsoidal semi-
axes are a > b > c), namely tending towards prolate
shapes (e.g. Frenk et al. 1988; Dubinski & Carlberg
1991; Jing & Suto 2002; Bailin & Steinmetz 2005; All-
good et al. 2006) .
The origin of this prolateness is likely to be the
assembly of the halo along a preferred direction, de-
fined by the dominant large-scale filament within which
the halo is formed by mergers of smaller haloes and
smoother streaming. This induces an anisotropic veloc-
ity dispersion within the halo, which support a prolate
shape with the major axis aligned with the large-scale
filament (Codis et al. 2015; Laigle et al. 2015). The sug-
gested correlation between the shapes on galactic scales
and on the scale of the extended cosmic-web environ-
ment should be addressed.
The shape of the stellar system may be similar and
aligned with the DM-halo shape for the same reason,
especially for the stars that entered the galaxies with
the same mergers that built the DM halo and along the
same filament. Moreover, especially for younger stars
that form within the elongated halo, if the inner halo
dominates the potential well, torques exerted by the
halo may induce a similar elongated shape in the stel-
lar system, and make it align with the halo elongation.
Whether these torques are indeed capable of inducing
the shape of the stellar system is an open question that
should be addressed.
A central concentration of baryons that dominates
the potential at the halo centre may in turn affect the
DM-halo and stellar shapes, and make them rounder
(e.g., following the analysis of Athanassoula et al. 2005;
Debattista et al. 2008) . The box orbits that characterize
the triaxial configuration can be deflected and puffed up
by the central mass, thus making the system oblate and
rounder.
Qualitatively, the central mass has to be ∼ 20 per
cent of the disk mass to destroy a bar (Shen & Sellwood
2004; Debattista et al. 2006). This indicates that in the
region where the central baryonic mass dominates the
potential it may be capable of affecting the inner DM-
halo and stellar shapes. This should be demonstrated
using simulations.
The evolution of shape may be tightly linked to the
characteristic sequence of events that galaxies undergo,
typically in the redshift range z = 4− 2, based on both
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Figure 1. Characteristic evolution of masses and their rates of
change within the central regions of the galaxies in our simulations
[according to the analysis of Zolotov et al. (2015) and Tacchella
et al. (2015b)]. After an early phase of gradual mass growth and
star formation, there is a well-defined, relatively short phase of
wet compaction in the inner 1 kpc, reaching a peak of central
gas density and SFR (a blue nugget). After that, there is a longer
phase of gas depletion and quenching of SFR caused by a low rate
of inflow to the centre compared to the sum of SFR and outflow
rate. The result is a compact quenched galaxy (a red nugget),
where the central stellar density remains roughly constant from
the blue-nugget phase and one. The y-axes are log-scaled, and the
mass and its rate of change are inM andM yr−1, respectively.
The ticks on the y-axes are mass- and redshift dependent, and the
plot refers to a typical case where the compaction is at z ∼ 2− 3
and the post-compaction stellar mass within 1 kpc is ∼ 1010 M.
theory and observations. Triggered by mergers, counter-
rotating streams, violent disc instability or other mech-
anisms, the galaxy goes through a wet compaction pro-
cess and forms a compact, star-forming “blue nugget".
This leads to an inside-out quenching process into a
compact, passive “red nugget", the likely progenitor of
the centre of an early-type galaxy today. The observa-
tional basis for this picture is becoming solid, both for
the red-nugget phenomenon (Trujillo et al. 2006a,b; van
Dokkum et al. 2008; Damjanov et al. 2009, 2011; New-
man et al. 2010; Bruce et al. 2012; Whitaker et al. 2012;
van Dokkum et al. 2014) and for their potential blue-
nugget progenitors (Barro et al. 2013, 2014a,b; Bruce
et al. 2014; Nelson et al. 2014; Williams et al. 2014;
Tacchella et al. 2015a). The theory, partly based on the
same simulations that we analyse here, is also becoming
robust (Dekel & Burkert 2014; Tacchella et al. 2015b,c;
Zolotov et al. 2015).
A very relevant finding from the simulations (Zolo-
tov et al. 2015, Fig. 2-4) is that the major compaction
event is associated with a transition from a situation
where the mass in the central region of the galaxy (ei-
ther the inner half-mass, or inside 1 kpc) is dominated
by the DM to a configuration where the central mass
is dominated by the compact nugget of baryons. Fig. 1,
following Zolotov et al. (2015), shows a cartoon that il-
lustrates the typical evolution through compaction and
the associated transition of dominance at the center.
As alluded to in the above discussion, the transi-
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tion from central DM dominance to baryon dominance
may induce a transition of shape from prolate to oblate
systems. Indeed, Ceverino et al. (2015), focusing on five
simulated galaxies of relatively low mass of ∼ 109 M at
z ∼ 2, identified a tendency for a prolate shape for the
halo and the stellar system. These five simulations were
part of the large suite used here. The prolate systems
are indeed found in snapshots of these galaxies where
the core 1 is dominated by DM, typically before the
compaction phase of evolution, which for these galaxies
typically occurs after z ∼ 2.
In this paper we use a suite of 34 galaxies simu-
lated at high resolution in a cosmological setting, as
described in the following section, to address the shape
evolution in a systematic way. Our first goal is to study
the evolution of shape for the components of DM, stars
and gas. We will then attempt to verify the relation be-
tween the shape and the DM-to-baryon mass ratio in
the central regions, and study the correlation between
the evolution of shape and the evolution of the galaxy
though the compaction phase. We will address in par-
ticular the characteristic conditions for the transition
in terms of mass and redshift. Once these correlations
are established in the simulations, we will make first
attempts at understanding the mechanisms responsible
for the stellar-system elongation in terms of the large-
scale filamentary structure versus torques exerted by
the halo, and the way the baryonic central concentra-
tion eventually leads to oblate systems.
This paper is organized as follows. In Section 2, we
describe the simulation suite used in this work. In Sec-
tion 3, we describe the method used to measure the
global shape of a three-dimensional system, and com-
pare to other methods. In Section 4, we illustrate us-
ing projected images the application of the shape mea-
sure in a few cases, and the typical evolution of shapes
for these galaxies. In Section 5, we study the evolu-
tion of shape for the whole simulation suite and address
the correlation with the evolution of the DM-to-baryon
mass ratio and the major compaction event. In Section
6, we discuss the relative alignment among the different
components, between physical shape and the anisotropy
of the velocity dispersion, and between galactic scales
and the large-scale of the cosmic web. In Section 7, we
discuss issues concerning the origin of elongation at high
redshift and the change of shape at lower redshift. Fi-
nally, in Section 9, we summarize our conclusions and
discuss them.
2 SIMULATIONS
2.1 Zoom-in cosmological simulations
We use the VELA suite of simulations with radiation
pressure (generation 3), which consists of 34 zoom-in
cosmological simulations with maximum physical spa-
tial resolution ranging between 17.5 and 35 pc. Many
1 When referring to the core of a galaxy we mean the innermost
1 kpc.
of these galaxies have been evolved to a final redshift
of zfin = 1 and they encompass a range of masses. For
instance, at z ∼ 2, the virial masses of the DM haloes
range from 1011 to 1012 M and the stellar masses of
the galaxies are between 109 and 6× 1010 M.
The simulations have been performed with the
Adaptive Refinement Tree (ART) code (Kravtsov et al.
1997; Ceverino & Klypin 2009), which solves the hy-
drodynamics equations and gravity on a Eulerian adap-
tive mesh. The code also includes gas cooling by atomic
hydrogen and helium, metal and molecular hydrogen,
and heating by the ultraviolet (UV) background with
partial self-shielding, star formation, stellar mass loss,
metal enrichment of the interstellar medium (ISM) and
stellar feedback.
Supernovae and stellar winds are implemented by
local injection of thermal energy as in Ceverino &
Klypin (2009); Ceverino et al. (2010, 2012). Radiative
stellar feedback takes into account the effect of radiation
pressure from ionizing photons, and it is implemented
following the theoretical estimates of Dekel & Krumholz
(2013), as described in Ceverino et al. (2014).
In the following, we give a few more details for the
relevant subgrid physics but for a more complete de-
scription we refer to Ceverino et al. (2014). Cooling and
heating rates are tabulated for a given gas density, tem-
perature, metallicity and UV background based on the
CLOUDY code (Ferland et al. 1998), assuming a slab
of thickness 1 kpc. A uniform UV background based on
the redshift-dependent Haardt & Madau (1996) mode
is assumed, except at gas densities higher than 0.1
cm−3, where a substantially suppressed UV background
is used (5.9×106 erg s−1 cm−2 Hz−1) in order to mimic
the partial self-shielding of dense gas, allowing dense
gas to cool down to temperatures of 300 K. The as-
sumed equation of state is that of an ideal mono-atomic
gas. Artificial fragmentation on the cell size is prevented
by introducing a pressure floor, which ensures that the
Jeans scale is resolved by at least seven cells (see Cev-
erino et al. 2010).
Star formation is assumed to occur at densities
above a threshold of 1 cm−3 and at temperatures below
104 K. Most stars (> 90 per cent) form at temperatures
well below 103 K, and more than half of the stars form
at 300 K in cells where the gas density is higher than
10 cm−3. The code implements a stochastic star forma-
tion model that yields a star formation efficiency per
free-fall time of 2 per cent, using the stellar initial mass
function of Chabrier (2003). At the given resolution,
this efficiency roughly mimics the empirical Kennicutt-
Schmidt law (Kennicutt 1998).
The thermal stellar feedback model incorporated in
the code releases energy from stellar winds and super-
nova explosions at a constant heating rate over 40 Myr
following star formation. The heating rate due to feed-
back may or may not overcome the cooling rate, depend-
ing on the gas conditions in the star-forming regions
(Dekel & Silk 1986; Ceverino & Klypin 2009). There is
no artificial shutdown of cooling implemented in these
simulations. Runaway stars are included by applying a
velocity kick of about 10 km s−1 to 30 per cent of the
MNRAS 000, 1–22 (2002)
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newly formed stellar particles. The code also includes
the later effects of Type Ia supernova and stellar mass
loss, and it follows the metal enrichment of the ISM.
We incorporate radiation pressure through the ad-
dition of a non-thermal pressure term to the total gas
pressure in regions where ionizing photons from massive
stars are produced and may be trapped. This ionizing
radiation injects momentum in the cells neighbouring
massive star particles younger than 5 Myr, and whose
column density exceeds 1021 cm−2, isotropically pres-
surizing the star-forming regions (as described also in
Agertz et al. (2013)).
The initial conditions for the simulations are based
on DM haloes that were drawn from dissipationless N -
body simulations at lower resolution in three large co-
moving cosmological boxes. We assume the standard
ΛCDM cosmological model with the WMAP5 values
of the cosmological parameters, namely Ωm = 0.27,
ΩΛ = 0.73, Ωb = 0.045, h = 0.7 and σ8 = 0.82 (Ko-
matsu et al. 2009). We selected each halo to have a given
virial mass at z = 1 and no ongoing major merger at
z = 1. This latter criterion eliminates less than 10 per
cent of the haloes which tend to be in a dense environ-
ment at z ∼ 1, and it induces only a minor selection ef-
fect at higher redshifts. The virial masses at z = 1 were
chosen to be in the rangeMvir = 2×1011−2×1012 M,
about a median of 4.6×1011 M. If left in isolation, the
median mass at z = 0 was intended to be 1012 M. Re-
alistically, the actual mass range is broader, with some
of the haloes merging into more massive haloes that
eventually host groups at z = 0.
2.2 Global properties of the galaxy sample
In Table 1, we list the virial masses, the virial radii,
the galaxy stellar masses and the effective radii of the
entire sample of 34 galaxies. The virial mass Mvir is
the total mass within a sphere of radius Rvir, which en-
compasses an overdensity of ∆(z) = (18pi2− 82ΩΛ(z)−
39Ωλ(z)
2)/Ωm(z), where ΩΛ(z) and Ωm(z) are the cos-
mological parameters at z (Bryan & Norman 1998;
Dekel & Birnboim 2006). The stellar mass M∗ is mea-
sured within a sphere of radius 10 kpc about the galaxy
center. The effective radius Re is the three-dimensional
half-mass radius corresponding to this M∗.
Every galaxy is analyzed at outputs separated by
a constant interval in the expansion factor ∆a = 0.01
from a ∼ 0.125 (z = 7) until afin (zfin). The total sample
consists of ∼ 1100 snapshots.
2.3 Limitations of the simulations
These simulations are state-of-the-art in terms of the
high-resolution AMR hydrodynamics and the treatment
of key physical processes at the subgrid level. In partic-
ular, they properly trace the cosmological streams that
feed galaxies at high redshift, including mergers and
smooth flows, and they resolve the violent disc instabil-
ity that governs the high-z disc evolution and the bulge
formation (Ceverino et al. 2010, 2012, 2015; Mandelker
et al. 2014).
Like in other simulations, the treatment of star for-
mation and feedback processes can still be improved.
Currently, the code assumes a star formation rate (SFR)
efficiency per free-fall time that is more realistic than
in earlier versions, it does not yet follow in great detail
the formation of molecules , subtle the effect of metal-
licity on SFR (Krumholz & Dekel 2012), and the de-
tailed suppression of SFR by photoelectric effect on dust
grains (Forbes et al. 2015). Furthermore, the resolution
does not allow the capture of the Sedov-Taylor adia-
batic phase of supernova feedback. The radiative stel-
lar feedback assumed no infrared trapping, in the spirit
of the low trapping advocated by Dekel & Krumholz
(2013) based on Krumholz & Thompson (2012). On the
other hand, other works assume more significant trap-
ping (Krumholz & Dekel 2010; Murray et al. 2010; Hop-
kins et al. 2012), which makes the assumed strength of
the radiative stellar feedback moderate. Finally, AGN
feedback, and feedback associated with cosmic rays and
magnetic fields, is not yet incorporated. Nevertheless, as
shown in Ceverino et al. (2014), the SFRs, gas fractions,
and stellar to halo mass fractions are all in the ballpark
of the estimates deduced from observations, providing
a better match to observations than earlier versions of
the ART simulations.
The uncertainties and any possible remaining mis-
matches by a factor of order 2 are comparable to the
observational uncertainties. For example, our simula-
tions produce stellar-to-halo mass ratios that are in
the ballpark of the values estimated from observations
(see Tacchella et al. (2015c)), and within the observa-
tional uncertainties (see the appendix in Tacchella et al.
(2015c))), which are also comparable to the uncertain-
ties associated with the feedback recipes in the simula-
tions.
It seems that in the current simulations, the com-
paction and the subsequent onset of quenching occur
at cosmological times that are consistent with obser-
vations [see fig. 12 of Zolotov et al. (2015) and fig.
2 of Barro et al. (2013)]. However, with some of the
feedback mechanisms not yet incorporated (e.g., fully
resolved supernova feedback and AGN feedback), full
quenching to very low sSFR values may not be entirely
reached in many galaxies by the end of the simulations
at z ∼ 1. One should be aware of this limitation of the
current simulations. Nevertheless, for all the above rea-
sons, we adopt in this work the hypothesis that the sim-
ulations grasp the qualitative features of the main phys-
ical mechanisms that govern galaxy evolution through
the processes of compaction and subsequent quenching
and the associated evolution of global shape.
3 MEASURING SHAPE
3.1 The Shape Tensor
A standard way to characterize the shape of a system is
through its shape tensor (Allgood et al. 2006), S, which
MNRAS 000, 1–22 (2002)
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Galaxy Mvir M∗ Rvir Re Mvir M∗ Rvir Re afin zfin
1012M 1010M kpc kpc 1012M 1010M kpc kpc
(z = 2) (z = 2) (z = 2) (z = 2) (zfin) (zfin) (zfin) (zfin)
V01 0.16 0.22 58.25 1.06 0.48 1.51 123.75 2.18 0.50 1.00
V02 0.13 0.19 54.50 2.19 0.39 0.92 115.25 2.09 0.50 1.00
V03 0.14 0.43 55.50 1.70 0.32 1.00 108.00 1.91 0.50 1.00
V04 0.12 0.10 53.50 2.15 0.18 0.36 89.75 1.14 0.50 1.00
V05 0.07 0.10 44.50 2.66 0.15 0.28 83.00 2.46 0.50 1.00
V06 0.55 2.16 88.25 1.06 0.75 2.57 108.75 1.13 0.37 1.70
V07 0.90 5.67 104.25 2.78 1.53 7.07 196.50 3.37 0.50 1.00
V08 0.28 0.35 70.50 0.76 1.37 3.37 196.50 3.40 0.50 1.00
V09 0.27 1.06 70.50 1.82 0.21 4.18 103.00 1.47 0.40 1.50
V10 0.13 0.64 55.25 0.54 0.75 2.38 158.50 0.79 0.50 1.00
V11 0.27 0.91 69.50 2.99 0.44 1.55 132.50 3.12 0.46 1.17
V12 0.27 2.03 69.50 1.22 0.25 2.22 110.50 1.32 0.44 1.27
V13 0.31 0.69 72.50 3.21 0.87 2.05 158.25 4.25 0.40 1.50
V14 0.36 1.30 76.50 0.35 0.21 2.78 104.25 0.70 0.41 1.44
V15 0.12 0.56 53.25 1.31 0.35 1.04 123.25 1.94 0.50 1.00
V16 - - - - 0.50 4.29 62.75 0.69 0.24 3.17
V17 - - - - 1.13 8.41 105.75 1.33 0.31 2.23
V19 - - - - 0.88 4.50 91.25 1.23 0.29 2.45
V20 0.53 3.70 87.50 1.81 1.06 6.86 146.25 3.74 0.44 1.27
V21 0.62 4.10 92.25 1.76 0.86 5.74 151.50 3.53 0.50 1.00
V22 0.49 4.45 85.50 1.32 0.62 4.51 136.00 1.92 0.50 1.00
V23 0.15 0.83 57.00 1.38 0.47 2.51 123.00 1.98 0.50 1.00
V24 0.28 0.92 70.25 1.79 0.36 2.15 108.25 1.73 0.48 1.08
V25 0.22 0.73 65.00 0.82 0.32 1.39 108.00 1.11 0.50 1.00
V26 0.36 1.60 76.75 0.77 0.42 2.14 120.00 1.97 0.50 1.00
V27 0.33 0.80 75.50 2.45 0.35 1.86 114.50 4.00 0.50 1.00
V28 0.20 0.24 63.50 3.23 0.22 0.50 96.00 1.64 0.50 1.00
V29 0.52 2.34 89.25 1.96 0.90 3.34 152.50 2.78 0.50 1.00
V30 0.31 1.66 73.25 1.56 0.32 1.67 76.25 1.64 0.34 1.94
V31 - - - - 0.23 0.85 38.50 0.51 0.19 4.26
V32 0.59 2.68 90.50 2.60 0.59 2.68 90.50 2.60 0.33 2.03
V33 0.83 4.80 101.25 1.22 1.46 8.92 143.75 1.64 0.39 1.56
V34 0.52 1.61 86.50 1.90 0.62 1.90 97.00 2.06 0.35 1.86
V35 - - - - 0.13 0.56 37.50 0.67 0.22 3.55
Table 1. The suite of 34 simulated galaxies. The galaxy name Vxx is short for VELA_V2_xx. Quoted are the total mass Mvir, the
stellar mass M∗, the virial radius Rvir and the effective stellar (half-mass) radius Re both at z = 2 and at the final simulation snapshot,
afin = (1 + zfin)
−1.
is a symmetric matrix defined as
Si,j = 1
M
∑
k
mk (rk)i (rk)j , (1)
where mk is the mass of the k-th particle (or cell), (rk)i
its distance from the centre along the axis i and M the
total mass. The eigenvalues of S are proportional to
the squares of the semi-axes (a > b > c) of the ellipsoid
that describes the spatial distribution of the particles
(or cells) that constitute the system, and correspond-
ing eigenvectors mark the orientations of these principal
axes.
In particular, for a uniform-density ellipsoid, one
has
S = 1
α
 a2 0 00 b2 0
0 0 c2
 , (2)
with α = 5, while for an infinitely thin ellipsoidal shell
one has α = 3.
In order to compute the shape of the DM, stellar
and gaseous distribution inside a spherical region of size
R we apply an iterative algorithm. Starting with the
spherical ellipsoid a = b = c = R, we proceed iteratively
as follows:
• compute S for all the particles within the ellip-
soid (or ellipsoidal shell) and derive its eigenvalues and
eigenvectors;
• rescale the eigenvalue such that a = R, and rotate
the system to the reference frame of the eigenvectors;
• repeat the previous steps until convergence.
When the shape is determined for a thin ellipsoidal
shell, we define the shell to be of a varying thickness by
including the points (x, y, z) that obey
1−∆ 6
(x
a
)2
+
(y
b
)2
+
(z
c
)2
6 1 . (3)
We adopt here for the galaxy R = Re and ∆ = 0.03.
In some rare cases of a very disturbed system, the
process may not converge. This may occur for the gas
MNRAS 000, 1–22 (2002)
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component at very high redshifts, when the system un-
dergoes mergers. In such cases, we allow a maximum of
100 iterations and select the ellipsoid that has the small-
est relative error among the eigenvalues of two consec-
utive steps.
3.2 The Shape Parameters
The shape of an ellipsoid with axes a > b > c can be
characterized by two axial ratios, e.g.
q =
b
a
, p =
c
b
, (4)
each ranging from 0 to 1.
An ellipsoid is oblate if q < p and it is prolate if
p < q. Extreme examples are a disk where p  q ∼ 1
and a filament where q  p ∼ 1. When p ∼ q the system
is triaxial; it is close to a sphere when p ∼ q ∼ 1 and it
is elongated when p ∼ q  1. For the purpose of a more
uniform coverage of the parameter plane, we replace q
and p by the parameters of elongation and flattening,
e = (1− q2)1/2, f = (1− p2)1/2 , (5)
also ranging from 1 to 0, in the opposite sense.
In the plane of e and f (as in q and p), the different
shapes occupy distinct loci. With e along the x-axis and
f along the y-axis, oblate systems are at the top left,
prolate systems are at the bottom-right, and triaxial
systems are along the diagonal, ranging from spheres at
the bottom left to elongated triaxial at the top right.
Another common choice is to replace p = c/b by
s = c/a, and use the triaxiality parameter (Franx et al.
1991)
T =
1− q2
1− s2 , (6)
also ranging from 0 to 1. It is common to consider a
system with T < 1/3 as oblate, 1/3 < T < 2/3 as
triaxial, and T > 2/3 as prolate. However, t cannot fully
characterize the shape by itself. For example, a near-
spherical system can assume any value of T between 0
and 1. One can use for example the plane T − e, but we
note that half of this is plane is excluded as T > e.
The classification schemes for the shape of an ellip-
soid are summarized in Fig. 2. Elongation and flattening
describe the shape more accurately than the elongation
squared and the triaxiality since the different classes of
ellipsoid occupy very distinct regions in the e−f plane.
3.3 Accuracy of our method
In order to test the robustness of our method to measure
shape, we compare the elongation and flattening of the
stellar component of V28 as measured by a number of
different algorithms.
One independent method that does not involve the
shape tensor is to fit an ellipsoid to an isodensity con-
tour. In particular, we compute the local particle den-
sity using an 80-particle smoothing kernel and then fit
an ellipsoid to all the particles with density in the range
ρ∗± δρ∗. The values of ρ∗ and δρ∗ are chosen to be the
median and standard deviation of the density in a shell
of radius Re and thickness of 200 pc.
In Fig. 3 we plot the measurements of e (left-hand
panel) and f (right-hand panel) for V28 as it evolves in
time. We show the results of our algorithm for a full el-
lipsoid and for an ellipsoidal shell, and compare with the
fit to the isodensity contour as described above. We also
show a comparison with the measurements of Ceverino
et al. (2015), which compute the shape from the iner-
tia tensor of the 3D isodensity surface that intersects
the major axis at a radius Re. The surface is selected
to have a volumetric stellar density ρs + σs, where ρs
and σs are the average density and its standard devia-
tion computed for two opposite points located along the
major axis at the intersection with the sphere of radius
Re.
At most snapshots, there is agreement between all
methods better than ±0.1 in both e and f . At specific
snapshots (such as at aexp = 0.27), there are larger
discrepancies, corresponding to large deviations from
an ellipsoidal shape due to a major merger. In other
cases (such as at aexp = 0.41), the full ellipsoid shows a
lower ellipticity or flattening than the ellipsoidal shell,
at the level of −0.2, indicating an increasing elongation
with radius between the centre and Re. We also note
that after a = 0.4 f and e computed for a full ellipsoid
are systematically lower than those computed for an
ellipsoidal shell. This indicates that the values of f and
e are lower at radii smaller than Re.
Unless stated otherwise, we adopt for our analysis
in this paper the shape as computed by our algorithm
from the shape tensor for the full ellipsoid, with the
semi-major axis set to equal to Re.
4 SHAPES IN PICTURES
Before we study the properties of our whole simula-
tions suite, we focus on three example galaxies at single
snapshots. These are V7, the most massive galaxy at
z = 2, and V4 and V28 (also shown in Ceverino et al.
(2015)), two prototypes of small galaxies in our sample.
The shape is computed for the ellipsoid within Re as
described in Section 3, for each of the components of
DM, stars and gas.
Fig. 4 shows the projections of the best-fitting ellip-
soids on top of the stellar, DM and gas surface densities
for V7, V4 and V28 at z = 5, 4 and 3.5, respectively. The
surface densities are computed projecting each compo-
nent along the eigenvectors of the shape tensor of the
stars. The thickness of the slice is set to be equal to the
smaller eigenvalue of the stars, ±c∗.
From the figure it is evident that the stellar and
DM components are elongated. In all three cases
c ∼ b  a, implying a prolate shape. In particular,
we have for V7, V4, V28 respectively a stellar shape
of (e∗, f∗) = (0.93, 0.55), (0.94, 0.41), (0.89, 0.53),
and a dark-matter shape of (eDM, fDM) =
(0.91, 0.6), (0.88, 0.46), (0.85, 0.57).
Our algorithm classifies the gas in all the three
MNRAS 000, 1–22 (2002)
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Figure 2. Presenting the shape. The left-hand panel shows the elongation versus flattening plane. The blue dashed line is the locus of
pure triaxial systems, ranging from a sphere (at the bottom-left corner) to a very elongated triaxial system (at the top-right corner).
The line separates oblate and prolate ellipsoids, which lie in the top left and bottom right of the plane, respectively. The green points
mark the location on the plane for four different combinations of q and p as indicated in parentheses. The right-hand panel shows the
triaxiality versus elongation squared plane. The bottom-right half of the plane is forbidden. A sphere can obtain any value of T . Triaxial
systems lie on a curve that is approximated by the dashed-blue line. We adopt hereafter the presentation in the e− f plane.
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Figure 3. Elongation (left-hand panel) and flattening (right-hand panel) as a function of the expansion factor for the stellar component
of V28. Our fiducial algorithm is shown as a black solid line and refers to the ellipsoid method, while the blue dashed line shows the
results for the ellipsoidal shell method. Measurements from Ceverino et al. (2015) are shown with a red dashed line, and the ellipsoid fit
to an isodensity contour about Re is plotted as a dotted green line. All methods agree to better than ±0.1 in both e and f .
galaxies as prolate [i.e. we measure (egas, fgas) =
(0.42, 0.84) for V7, (egas, fgas) = (0.89, 0.88) for V4 and
(egas, fgas) = (0.87, 0.95) for V28] even though its spa-
tial distribution is very clumpy and does not have a
well-defined shape.
Fig. 5 shows the shape of the different compo-
nents at low redshift, z ∼ 1. Our shape algorithm
gives for V7 and V4 a stellar shape of (e∗, f∗) =
(0.22, 0.88), (0.37, 0.72), and a dark-matter shape of
(eDM, fDM) = (0.17, 0.56), (0.32, 0.36), which means
that the stars and the DMin these two galaxies at
that time are oblate ellipsoids. On the other hand,
for V28 the systems are closer to being triaxial, with
(e∗, f∗) = (0.33, 0.45), (eDM, fDM) = (0.31, 0.35). In all
simulations the gas, instead, settles into a thin disk.
We note that at that time the central parts (i.e. the
innermost 1 kpc) of V7 and V4 are already dominated
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by the baryons, while in V28 the central region is still
dominated by the DM.
Fig. 6 shows the evolution tracks of the shape in
the e− f plane for V7, V4 and V28. Points are colour-
coded by MDM/Mb computed in the innermost 1 kpc.
We see that at high redshifts both the stars and the
DM are elongated, prolate or highly triaxial. Once the
baryonic core becomes self-gravitating, the systems be-
come rounder and oblate. The evolution of the shape of
the gas is more complex. At high redshift, it is highly
triaxial, and rather noisy, reflecting the strong devia-
tions from ellipsoidal symmetry of the instreaming gas
and the very perturbed discs. Later, and especially in
the baryon-dominated phase, the gas settles to a well-
defined disc.
5 SHAPE EVOLUTION IN THE WHOLE
SAMPLE
Next we study the evolution of shape in our whole sam-
ple, and try to identify its origin. Fig. 7 shows the evo-
lution of shape in the plane of e and f for all the snap-
shots of all our simulated galaxies. The three columns
refer to DM, stars and gas. The colour of the symbols in
the four rows refers respectively to the DM dominance
within Re, MDM/Mb, the redshift with respect to the
redshift of transition to self-gravity, z − zsg, the stellar
surface density within Re, Σe, and the circular velocity
at Re, Vc,eff . In order to show the general evolution-
ary trend, we mark with coloured-circles connected by
a solid line the median values of e and f , computed for
all the galaxies in bins of the quantity in the colour-
bar on the right side of each plot. We also show the
20th and 80th percentile of those quantities with small
squares connected by dashed lines.
The median evolution track for the stars starts
in the prolate/highly-triaxial regime where (e, f) ∼
(0.9, 0.7). The track becomes rounder and it crosses
the triaxial line at (0.6, 0.6), then it evolves into the
oblate regime and eventually becomes discy at (0.3, 0.9).
The median track of the DM component also starts
prolate/triaxial at (e, f) ∼ (0.8, 0.6), and the becomes
rounder, crossing the triaxial line at (0.5, 0.5). It then
continues to become more rounder and mildly oblate,
at (0.3, 0.4).
The transition from prolate to oblate typically hap-
pens near z = zSG, namely when MDM/Mb = 1. It also
typically happens when the effective central surface den-
sity becomes larger than a threshold of Σe ∼ 108.5 M
kpc−2.
Recall that using the same simulations, it has been
shown [Fig. 1, based on Zolotov et al. (2015), Figs. 2-
4] that the transition from DM dominance to baryon
dominance in the core is associated with a dramatic
wet compaction event, which also triggers central gas
depletion and quenching inside-out. Thus, we learn that
the transition in shape is associated with the wet com-
paction event.
When the colour refers to the circular velocity
within Re, Vc,eff =
√
GMe(< Re)/Re, the prolate-to-
oblate transition is rather sharp and it tends to occur
at Vc,eff ∼ 100 km s−1. In Fig. 8, we pick for each of our
galaxies the redshift of transition from DM dominance
to baryon dominance (zSG), and plot Vc,eff and M∗ at
that time versus zSG.
Despite the fact that more massive galaxies (ranked
at a given time) tend to compactify and become baryon
dominated at an earlier time, we learn that the transi-
tion occurs for all galaxies at roughly the same escape
velocity from the central region, Vc,eff ∼ 100 km s−1±
0.15 dex. A similar conclusion is valid for the stellar
mass of the galaxy at zSG, with the transition at a total
stellar mass ofM∗ ' 109.4 M± 0.47 dex. We note that
this velocity is in the ball park of the critical velocity
below which supernova feedback is expected to drive
strong outflows from the central regions (Dekel & Silk
1986). This raises the suspicion that efficient feedback-
driven outflow is a key for the galaxy core to remain
dominated by DM, thus allowing the stellar system to
keep following the elongated shape of the DM halo.
5.1 The role of feedback
In order to address the role of feedback in the transition
to baryon dominance and the associated morphologi-
cal transition to oblate shape, we appeal to a twin set
of simulations, termed Gen2, which includes the same
galaxies simulated with a weaker feedback. While the
dominant feedback in Gen2 is supernova feedback, Gen3
incorporates also radiative-pressure feedback, from ion-
izing radiation [see the NoRadPre and RadPre models
of Ceverino et al. (2014)].
The left-hand panel of Fig. 9 compares the evolu-
tion of shape in the Gen2 and Gen3 simulations. Plotted
is the quantity e − f , which is an effective measure of
prolateness (high values of e− f > 0) versus oblateness
(low values of e − f < 0). One can see that galaxies
in the simulations of stronger feedback tend to have
higher values of e − f , which implies that these galax-
ies are on average less oblate at any given time. This
can be explained by the stronger feedback ejecting gas
from the centre and thus keeping the core DM domi-
nated for longer times, and postponing the transition
from prolate to oblate to a later time.
If feedback is indeed important, one may expect
that the key parameter regulating the morphology
would be the escape velocity from the core. The right-
hand panel of Fig. 9 shows e− f as a function of Vc,eff .
One can see that there is no significant difference be-
tween the Gen2 and Gen3 galaxies, despite the different
feedback strength. Indeed, there is a distinct transition
from prolate to oblate once the velocity becomes larger
than ∼ 100 km s−1, similar to what we saw in Fig. 8,
regardless of the feedback prescription adopted.
6 ALIGNMENTS
In order to quantify the alignment among the differ-
ent components of DM, stars and gas, we measure the
MNRAS 000, 1–22 (2002)
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Figure 4. DM, stars and gas surface density projections along the eigenvectors of the shape tensor of the stellar component for V7 (top)
at z ∼ 5 and V4 (bottom) z ∼ 4. The thickness of the slice is c∗. The two-dimensional projections of the best-fitting ellipsoid computed
for each component within Re are shown in each panel. The plots depict what happens in the DM-dominated phase, when the stellar
and DM systems are prolate. The gas system in V7 is oblate, and in V4 it is triaxial, with the axes deviating from the stellar axes by
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Figure 4 – continued DM, stars and gas surface density projections along the eigenvectors of the shape tensor of the stellar component
for V28 at z ∼ 3.5 in the DM-dominated phase.
angle θ between each pair of eigenvectors of the shape
tensor. The coloured lines in Fig. 10 show the cumula-
tive probability distribution functions (PDFs) of | cos θ|
in bins of MDM/Mb. In the DM-dominated epoch (i.e.
MDM/Mb > 1.5), stars and DM are very well aligned
with each other, with the median at cos θ ' 0.95 for
each of the pairs of major, intermediate and minor
semi-axes. This is consistent with a causal effect be-
tween the halo and stellar shapes, as well as with a
common origin for these shapes. On the other hand, in
the baryon-dominated regime, the relative orientations
for stars and DM are close to random, with a median
cos θ = 0.55 − 0.65. This may reflect a real weakening
of the alignment, but it may also be due to the galaxies
becoming rounder in this regime, such that the eigen-
vectors are only poorly defined, especially for the DM
component. The gas and stars show a significant but
relatively weak alignment in the DM-dominated regime,
with the medians cos θ = 0.7 − 0.8. This is affected by
the amorphous shape of the instreaming gas. The mi-
nor axes of gas and stars become more aligned in the
baryon-dominated regime, with the median cos θ = 0.9.
This is because the systems settle to discs, with the
directions of the minor axes determined by rotation.
In order to address the role of rotation, Fig. 11
shows the cumulative PDF of the cosine of the angle
between the smallest eigenvector, c, and the angular
momentum of each component l, computed within the
same volume, i.e. a sphere of radius Re, and find that,
while in the DM-dominated regime the angular momen-
tum is almost randomly aligned with the minor axis
of the best-fitting ellipsoid; in the baryon-dominated
epoch, c and l are very well aligned.
This is compatible with the numerical results of De-
battista et al. (2013, 2015), which studied the stability
of different disc orientations within triaxial haloes and
concluded that, if no gas is present, the most stable
configurations are when the stellar spin is aligned with
the halo minor or major axis. On the other hand, when
gas is present, the disc is able to form in almost any
arbitrary orientation but not perpendicularly to the in-
termediate axis of the halo, which is always an unstable
configuration.
Moreover, the fact that the spins tend to align with
the minor axis of the systems at later times, when the
systems tend to become oblate, is an indication for a
higher level of rotation support in the stellar system,
and to a certain extent also in the DM halo, although
the main support for the halo continues to be provided
by velocity dispersion.
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Figure 5. DM, stars and gas surface density projections along the eigenvectors of the shape tensor of the stellar component for V7
(top) at z = 1and V4 (bottom) at z = 1.2. The thickness of the slice is c∗. The two-dimensional projections of the best-fitting ellipsoid
computed for each component within Re are shown in each panel. The plots depict what happens in the baryon-dominated regime, when
the stellar, gas and DM systems are oblate.
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Figure 5 – continued DM, stars and gas surface density projections along the eigenvectors of the shape tensor of the stellar component
for V28 at z = 1.4 in the baryon-dominated regime.
7 THEORETICAL INTERPRETATION
7.1 Origin of Halo Elongation
In Section 5, we found that in the DM-dominated
regime the stellar and DM systems are elongated – tri-
axial and prolate (and this is true to some extent for the
gas as well). This is consistent with N -body simulations
of DM only (e.g. Allgood et al. 2006), which show that
the core of a typical DM halo, soon after its assembly,
tends to be prolate or triaxial.
This plausibly is due to the fact that haloes as-
semble by motions (mergers and smoother streaming)
along a dominant filament of the cosmic web (Dekel
& Birnboim 2006; Dekel et al. 2009), such that the
preferred direction of the filament determines the axis
of largest velocity dispersion, and thus the major axis
of the velocity-dispersion-supported halo. In order to
verify this hypothesis, we measure the eigenvectors of
SDM(2Rvir), the shape tensor for the DM computed in
a thin shell of radius 2Rvir, and compare it with those
of SDM(Re) and S∗(Re) for the stars and the DM on
the scale of the galaxy.
Fig. 12 shows the redshift evolution of
| cos(aDM,LSS,aRe)|, where aDM,LSS is the semi-major
axis of the best-fitting ellipsoid of the dark-matter
component at large scales and aRe is the semi-major
axis of the DM (red points) or stars (black points)
on small scales. One can see that both for the DM
and the stars, the alignment between the large and
small scales is strong at high redshift, when e− f > 0,
and it gradually decreases towards later times, when
e−f < 0, though some memory of the initial alignment
remains. This supports the idea that the DM elongation
at high redshifts, soon after the assembly, is induced
by the preferred direction of the large-scale structure.
This is compatible with the results of Vera-Ciro et al.
(2011), who showed using DM-only simulations that
at high redshift, when haloes are fed through narrow
filaments, prolateness dominates. The shape of the
haloes changes to a more oblate configuration at lower
redshift, when the accretion becomes more isotropic.
Analytic studies of the feeding of massive galaxies by
cold streams (Dekel & Birnboim 2006), confirmed by
hydrodynamical cosmological simulations (Dekel et al.
2009) and supported by comparison to observations
via semi-analytic modelling (Cattaneo et al. 2006),
indicate that the transition from cold inflows through
narrow streams to a wide-angle inflow is expected to
occur in the redshift range z ∼ 1 − 3, and is mass
dependent. We indeed expect the prolateness to arise
especially when one filament dominates the buildup
of the halo and galaxy. While we see that the stellar
system is also aligned with the large-scale structure, we
cannot yet tell whether this is because the elongation
of the stellar system is a direct result of the assembly
MNRAS 000, 1–22 (2002)
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Figure 6. Evolution in the e − f plane for V7 (top), V4 (middle) and V28 (bottom). Points are colour-coded with MDM/Mb within 1
kpc. The systems typically evolve from high MDM/Mb to low MDM/Mb, namely from right to left. As long as the core is DM dominated,
the stars and DM are triaxial or prolate. Once the core becomes baryon dominated, they evolve into rounder-oblate systems. The gas
is highly triaxial at early time, and it settles into a disc when the core is baryon dominated. The labels O, T, S and P refer to oblate,
triaxial, spherical and prolate ellipsoids, as introduced in Fig. 2.
along a filament or it is induced by the elongation of
the halo.
In order to verify that the halo and stellar shape in
the DM-dominated, prolate phase is indeed supported
by anisotropic velocity dispersion, we address the align-
ment between the eigenvalues of the velocity dispersion
tensor and the shape tensor on galactic scales. To this
extent, we compute for each component, in the refer-
ence frame of its centre of mass and within a spherical
region of size Re, the velocity stress tensor σ2 defined
as
σ2ij =
1
M
∑
k
mk (vk,i − 〈vk,i〉) (vk,j − 〈vk,j〉) , (7)
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Figure 7. Elongation versus flattening for DM (left), stars (middle) and gas (right) computed within a sphere of radius Re. The plot is
colour-coded, from top to bottom, with MDM/Mb, z − zsg (where zsg is the redshift at which the innermost 1 kpc becomes dominated
by baryons), the stellar surface density within Re (Σ∗) and the circular velocity within Re (Vc,eff). Each point represents a snapshot for
any of the 34 galaxies of the sample, while solid (dashed) lines show the median (20th and 80th percentiles) in bins of the quantity in
the colourbar. On average, the systems are prolate in the DM-dominated epoch, at high z, low stellar surface density (Σe <∼ 108.5 M)
kpc−2) and low circular velocity (Vc,eff <∼ 100 km s−1) within the effective radius. On the other hand, in the baryon-dominated epoch
the halo is oblate and the stars and gas system discy. This happens at low z, high Σe and high Vc,eff .
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Figure 8. Circular velocity (left-hand panel) and total stellar mass (right-hand panel) within the effective radius computed at the time
of transition from DM dominance to baryonic dominance, zsg, versus zsg. The median and the scatter are shown by the solid and dashed
lines, respectively. Points are colour-coded according to the halo virial mass at z = 2. The escape velocity at zsg is typically 100 km s−1,
and log M∗ ∼ 9.4, both rather independent of redshift and of the mass ranking at z = 2. This may reflect the critical conditions below
which feedback is effective in maintaining the core DM dominated.
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Figure 9. Evolution of the shape parameters e and f (computed within Re) for the Gen3 (black points) and Gen2 (red points) simulation
suites as a function of redshift (top panels) and the circular velocity at Re (bottom panels). The simulations with additional radiative
feedback produce galaxies that are, on average, less oblate at any given time. This can be explained by the radiative feedback keeping
the core DM-dominated for longer times and thus delaying the transition from prolate to oblate.
where 〈vk,i〉 is the average velocity along the i-th com-
ponent for the particle k, M is the total mass and
the index k runs over all the particles in the region.
When computing σ2, we apply the same iterative pro-
cedure adopted in the calculation of S (see Section 3).
Based on similar arguments, the eigenvalues and eigen-
vectors of σ2 can be interpreted as the squares of the
semi-major axes (aσ2 > bσ2 > cσ2) and axis orienta-
tions (aσ2 , bσ2 , cσ2) of the best fitting ellipsoid. Fig. 13
shows the evolution of e − f for both the shape (black
symbols) and the velocity stress tensor (red symbols)
as a function of MDM/Mb. We see that the prolateness
of the velocity dispersion is indeed comparable to that
of the shape, both for the DM and for the stars, to
within ±0.1. Fig. 14 shows the e− f plane for all com-
ponents colour-coded with the average | cos(aσ2 ,aS)|
for the stellar component. One can see that there is
good alignment with the shape and velocity stress ten-
sor when systems are prolate, while their relative orien-
tation is more random in the baryon-dominated phase.
We quantify this result in Fig. 15, which shows that
the major eigenvectors of S and σ2 are well aligned
when the systems are prolate, both for the DM and for
the stars. At later times, towards the baryon-dominated
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Figure 10. Cumulative probability distributions of | cos θ| in bins of MDM/Mb, where θ is the angle between the eigenvectors of the S
of the different components. From top to bottom: relative orientation between the major, intermediate and minor axes. For left to right:
relative orientation between stars and DM, gas and stars and gas and DM. The grey line in each panel shows the uniform cumulative
distribution function. DMand stars are very well aligned with each other in the DM-dominated epoch (i.e. MDM/Mb > 1.5), which
supports a causal connection or a common origin between the halo and stellar shapes. In the baryon-dominated regime, when galaxies
become rounder, the alignment weakens.
phase, the alignment weakens, more so for the stars.
This reflects the evolution of the stellar system towards
more rotation support, induced by new star formation
from rotating cold gas, while the halo remains primarily
velocity dispersion supported.
7.2 Torques by the Halo on the Stellar System
Next we wish to find out whether the prolate DM halo
when it dominates the core can induce an aligned pro-
late shape on the stellar system. A first crude step would
be to verify the validity of the necessary condition that
the amplitude of the torque exerted by the halo is suf-
ficient for significantly tilting the stellar system.
When measuring the torques exerted by DM and
gas in the halo on the stellar and gaseous core, we dis-
cretize the matter distribution on large scales on a grid
with a resolution of 1 kpc, while we adopt a finer grid,
with resolution of 100 pc, for the material within Re.
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Figure 11. Cumulative probability distributions of | cos θ| in bins of MDM/Mb, where θ is the angle between the smallest eigenvectors
of S and the angular momentum of each component. For left to right: relative orientation between stars and DM, gas and DM and gas
and stars. The grey line in each panel shows the uniform cumulative distribution function. In the baryon-dominated regime the angular
momentum is aligned with the smallest eigenvector, which indicates that the shape of the stellar system is largely supported by rotation.
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Figure 12. Evolution of | cos(aDM,LSS,aRe )| as a function of the
stellar e − f . At high redshift (i.e. larger e − f) one can notice
that there is very good alignment between the large and small
scales, which suggests that the DM elongation in this epoch is
dictated by the large-scale filament along which the halo is built
by mergers and smoother streams.
The torque acting in each point is:
τ =
∑
R<Re
r× F , (8)
where r is the position vector relative to the centre of
the galaxy and F is the total force acting there. We
assume that the moment of inertia about the minor axis
of the ellipsoidal body within Re is Ic = (1/5)Me(a2 +
b2) and constant between consecutive output timesteps.
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Figure 13. Evolution of e − f as a function of MDM/Mb. Red
(black) points and error bars show e− f computed for σ2(S) for
stars (filled symbols) and for the DM (open symbols). This shows
that, for both components, the prolateness of the velocity dis-
persion tensor is comparable to that of the shape tensor, demon-
strating that the elongated shape is supported by the anisotropic
velocity dispersion.
Then the rate of change of the angular velocity exerted
by the torque about the minor axis is ω˙c = τc/Ic.
During an orbital time, torb = 2pi
√
R3e/(GMe), the
torques are capable of rotating the system about the
minor axis by Θ ∼ ω˙ct2orb.
We measure the potential effectiveness of the
torques by the parameter
α = 1− | cos〈Θ〉| . (9)
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Figure 15. Evolution of | cos(aσ2 ,aS)| as a function of the stellar
e−f . The shape and velocity stress tensor are, on average, aligned
with each other when e−f > 0, i.e. in the DM-dominated regime.
If α ∼ 1, the torques are potentially capable of signifi-
cantly tilting the system. On the other hand, if α  1
(as long as Θ < pi/2) the torques have a negligible effect
on the orientation of the object.
Fig. 16 shows as black points the average α over
the fine grid within the Re ellipsoid versus MDM/Mb
for all the snapshots of all the simulated galaxies. The
three panels refer to the effect of DM on stars, gas on
stars and DM on gas, respectively. The orange squares
refer to the median of α in bins of MDM/Mb computed
within 1 kpc. Also shown (red squares) is the median
cosine of the angle between the minor axes of DM and
stars in the same bins. One can notice that the torques
of DM on stars and gas on stars are stronger in the
DM-dominated phase where α ∼ 0.35 they are capable
of rotating the system within one orbital time by an an-
gle as large as ∼ 50 deg. This is a hint that the torques
by the halo can generate the alignment of the stellar
system with it. On the other hand, when baryons dom-
inate, the torques get progressively weaker, because the
halo becomes rounder, while the stellar inertia tensor
becomes larger due to the growing stellar mass frac-
tion. The effect of the torques of DM on gas in the DM-
dominated regime is comparable to that of the DM on
stars, reflecting a comparable moment of inertia for gas
and stars. In the baryon-dominated regime, the effect
of DM on gas remains high, because the gas moment
of inertia becomes low due to the low gas fraction. The
torques of gas on stars are also important in the DM-
dominated phase, due to the high gas fraction then, and
they become negligible in the baryon-dominated phase,
where the gas fraction becomes small.
7.3 Smearing of Elongation
Once the baryons in the core become self-gravitating,
the halo and the stellar systems become rounder.
This happens once the baryonic component is massive
enough (M ∼ 109.4 M) and compact (Σ∗,eff ∼ 109 M
kpc−2). A central mass concentration could in principle
deflect small-pericentre orbits of stars and DM particles
and thus make the inner parts of the system rounder, as
shown in N -body simulations (e.g. Athanassoula et al.
2005; Debattista et al. 2008). While these simulations
address a somewhat different problem of destructing a
bar in the centre of a disc and are therefore not ap-
plicable quantitatively to the problem in hand, they
demonstrate the potential effectiveness of a central den-
sity peak in making an elongated system supported by
boxy orbits rounder.
In order to understand the connection between the
compaction event and the transition to an oblate system
MNRAS 000, 1–22 (2002)
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Figure 16. Black points show the value of α, which measures the effectiveness of the torques exerted by one component to the other
(see equation 9) as a function of MDM/Mb within 1 kpc for every component and for every snapshot in our simulation suite. Orange
squares and errorbars show the median α and its scatter in bins ofMDM/Mb. The red points and errorbars, instead, show the median
value of the cosine of the angle between the semi-minor axis of stars and DM as a function of MDM/Mb. The values of α ∼ 0.3 in the
DM-dominated era indicate that the torques exerted by the DM on the stars and gas may be sufficient for causing a significant change
in the orientation of the latter, thus aligning the baryons with the DM halo. These torques become ineffective when the core becomes
baryon dominated.
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Figure 17. Scatter plot for all galaxies in our sample showing
tsg, the time when the innermost part of a galaxy becomes self-
gravitating, versus tshape, defined as the time when a system be-
comes strongly oblate. The black dashed line shows the locus
of points that have tsg = tshape. For all galaxies (but one), we
have tshape > tsg, which means that the systems become strongly
oblate only after they have accumulated a large baryonic mass in
the innermost regions.
we compare two time-scales. First, we compute tsg, the
time that corresponds to zSG, i.e. the epoch at which
the inner part of systems becomes baryon dominated,
MDM/Mb < 1. Next, we define tshape as the average
time of the first four crossings of the line e∗ − f∗ =
−0.4 2, which means that for t > tshape the system
is strongly oblate. Only three low-mass galaxies (V2,
V5 and V28) do not become oblate according to this
demanding criterion by the end of the simulation and
in these cases we set tshape to be equal to the time of
the latest snapshot of each of these simulations, at zfin.
Fig. 17 shows tsg versus tshape for all galaxies in our
sample. We see that in all cases (with one exception) we
have tshape > tsg, which is an indication that the shape
transition happens after the systems have accumulated
a significant baryonic mass in the innermost regions.
Moreover, as one can see in Fig. 16, the rounder
the systems get, the weaker the torques become. In this
situation, the elongated DM halo is unlikely to cause
severe angular-momentum loss in the gas, and cannot
generate yet another wet compaction.
8 PROJECTED SHAPES
A three-dimensional ellipsoid projected along the plane
of the sky has a two-dimensional axial ratio Q = B/A
equal to (Stark 1977; Binney 1985)
Q =
√
(Q1 +Q3)−
√
(Q1 −Q3)2 +Q22
(Q1 +Q3) +
√
(Q1 −Q3)2 +Q22
, (10)
2 In the e∗ − f∗ plane, the e∗ = f∗ line identifies systems that
are perfectly triaxial and separates oblate and prolate systems.
In particular, oblate system will lie above this line and the tran-
sition is somehow arbitrary, but an intercept of −0.4 ensures that
systems with e∗ − f∗ > −0.4 are strongly oblate
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where
Q1 =
cos θ2
s2
(
sinφ2 +
cosφ2
q2
)
+
sin θ2
q2
, (11)
Q2 =
1
s2
cos θ sin(2φ)
(
1− 1
q2
)
, (12)
Q3 =
1
s2
(
sinφ2
q2
+ cosφ2
)
. (13)
Here θ is the angle between the line of sight and the
minor axis of the ellipsoid, and φ is the angle between
the intermediate axis of the ellipsoid and the line of
nodes, which is a line on the plane of the sky that is
perpendicular to the minor axis.
Given the distribution of Q for a sample of observed
galaxies, one can use equation (10) to put constraints
on the distributions of the 3D axial ratios based on cer-
tain assumptions concerning the shapes of these dis-
tribution functions. For instance, Chang et al. (2013)
and van der Wel et al. (2014) assumed that T and the
edge-on ellipticity, 1−s, are Gaussianly distributed and
concluded that from the observed distribution of Q low-
mass galaxies (i.e. M∗ 6 1010 M) are more prolate at
z >∼ 1, while they are consistent with a population of
oblate spheroids at the current epoch. Similar conclu-
sions were drawn by Takeuchi et al. (2015), who as-
sumed, instead, that the face-on ellipticity, 1 − q, is
distributed in a lognormal fashion and that s follows
a Gaussian distribution.
These findings are in qualitative agreement with our
predictions, but one should realize that the deprojection
of shape is tricky, and the conclusions may be mislead-
ing if they are based on wrong assumptions concerning
the shapes of the distributions. Using simple examples,
we demonstrate here that the probability distribution
of Q, P (Q), cannot easily distinguish between a sample
of oblate systems and a sample of prolate systems with
a large variety of 3D axial rations. Only a sample of
prolate systems with a narrow range of 3D axial ratios
is clearly distinguishable in P (Q).
We first use equation (10 ) to derive dP/dQ for
samples of pure oblate systems and pure prolate systems
with a constant s = c/a, and obtain
dP
dQ
=
Q√
(1− s2)(Q2 − s2) , oblate , (14)
dP
dQ
=
s2
Q2
√
(1− s2)(Q2 − s2) , prolate . (15)
The distribution is not defined at Q < s in both cases.
However, in the range Q  s, dP/dQ flattens off into
a constant for oblate systems, while it drops steeply as
∝ Q−3 for prolate systems. This can be seen in Fig. 18,
which shows dP/dQ for pure oblate and prolate systems
with s = 0.3. Thus, samples of pure prolate or oblate
systems with constant axial ratios yield very distinct
2D distributions of Q.
However, when considering a sample of galaxies
with a broad distribution of intrinsic shapes, the result-
ing distribution of the projected axial ratios may not
exhibit such strong features, and it may be more dif-
ficult to assess the underlying intrinsic axial ratio. For
instance, Fig. 19 shows dP/dQ for prolate and oblate
systems which have their s randomly selected from a
truncated Gaussian distribution (i.e. with 0.2 6 s 6 1)
with mean and standard deviation as indicated in the
legend. One can see that prolate systems with a large
scatter have a resulting probability distribution of Q
that does not have a steeply declining part at high Q
and may therefore be confused with the distribution for
oblate objects. For example, a sample of prolate sys-
tems with s = 0.4± 0.3 and a sample of oblate systems
with s = 0.2±0.1 show similar 2D distributions, with a
slowly decreasing dP/dQ at high Q. On the other hand,
the 2D distribution of a sample of oblate systems with
either a large scatter (or a high 〈s〉) is gradually rising
over a wide range of Q values, with the flattening oc-
curring only at very high Q. The features of dP/dQ are
even more problematic to distinguish when the distribu-
tion of the intrinsic shape parameters is not Gaussian,
which is the case for the galaxies in our sample.
In order to obtain dP/dQ for every snapshot in our
sample of simulated galaxies we project the best-fitting
intrinsic 3D ellipsoid on to 100 random lines of sight.
Fig. 20 shows the results for two different mass bins and
compares the 2D (top panels) and 3D (bottom panels)
distributions of the axial ratios. One can see that about
half the systems in the lowest mass bin are intrinsically
triaxial (q ∼ p), and the other half are prolate (q < p),
but the distributions of the 3D axial ratios have large
dispersions around the mean. Therefore, the resulting
distribution of the 2D axial ratio is increasing over a
wide range ofQ values, and it shows a steeply decreasing
tail only at very high Q values. In the high-mass bin,
the systems clearly tend to be oblate, with q ∼ 1 and
p  1, but the 2D distribution is rather similar to the
one in the low-mass bin. If we fit the distribution of the
intrinsic parameters with a Gaussian distribution (dot-
dashed lines), we find that in the low-mass bin P (s)
is well fitted with a Gaussian with mean ∼ 0.5 and
standard deviation ∼ 0.2. This is the distribution of s
assumed for the blue line in Fig. 19 (left-hand panel),
which is qualitatively similar to the top-left panel in
Fig. 20.
9 CONCLUSIONS
We have used cosmological simulations of galaxies at
high redshift to study the evolution of the global shape
of the components of DM, stars and gas. Our earlier
analysis (Tacchella et al. 2015b,c; Zolotov et al. 2015)
showed that every galaxy typically undergoes a major
compaction event into a blue-nugget phase at z ∼ 2−4.
This phase marks the transition from a DM-dominated
central body to a self-gravitating baryonic core. The
evolution of shape turns out to be strongly linked with
this transition.
Our results can be summarized as follows
• At high redshift, in the DM-dominated phase, the
stellar and DM systems are prolate-triaxial and mutu-
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Figure 19. Distributions of the 2D axial ratios Q for intrinsically prolate (left-hand panel) and oblate (right-hand panel) systems. The
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system (right-hand panel, solid red line).
ally aligned. This confirms earlier results by Ceverino
et al. (2015) but using a larger sample and performing
a more thorough analysis.
• The early elongation is supported by an anisotropic
velocity dispersion that results from the assembly of
the galaxy via mergers and smoother streams along a
dominant filament of the cosmic web.
• Torques exerted by the DM halo are capable of
inducing the elongation of the stellar system and its
alignment with the halo.
• In association with the transition to a self-
gravitating compact core, small-pericentre orbits of DM
and stars are scattered and the system evolves into a
more spherical and oblate configuration, aligned with
the gas disc and associated with rotation.
• While more massive galaxies (as ranked at a given
redshift) typically compactify at a higher redshift, the
transition typically occurs when the stellar mass is ∼
109.4 M and the escape velocity from the core is ∼ 100
km s−1. This indicates that stellar feedback is effective
at maintaining the DM dominance in the core.
• Feedback plays a role in the morphology of the
MNRAS 000, 1–22 (2002)
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Figure 20. Distributions of axial ratios in 2D (top) and 3D (bottom) in the simulations, in two mass bins. The dot-dashed lines in the
bottom panel show a fit to a cumulative Gaussian distribution. The 2D distributions in the two mass bins are rather similar, despite the
fact that the 3D distributions are very different.
galaxy. Simulations with no radiative feedback produce
rounder galaxies because the transition to a baryon-
dominated core happens at earlier time.
• The early elongated phase may drive compaction by
generating angular-momentum loss, and the transition
to the oblate phase may be instrumental in suppressing
torque-driven inflows in the galaxy and thus contribut-
ing to the subsequent quenching in the core.
While the results deduced from our cosmological sim-
ulations are robust, some of the theoretical scenarios
described above are tentative and yet to be properly
worked out. This refers in particular to the way a pro-
late halo that dominates the central potential can in-
duce an aligned prolate shape in the stellar system, and
the way a central baryonic mass concentration can make
the stellar system and the inner DM halo round. An
observational confirmation of the predicted evolution of
shape is not easy to obtain, and is beyond the scope of
the current paper. We only comment the following.
• In particular, the observed distribution of pro-
jected axial ratios is capable of identifying a popula-
tion of prolate systems with a narrow range of three-
dimensional axial ratios, but cannot easily distinguish
between oblate and prolate systems with a wide range
of three-dimensional axial ratios.
• There is partial observational evidence for a prolate
population of low-mass galaxies at high redshift, consis-
tent with the simulation results (Chang et al. 2013; van
der Wel et al. 2014; Takeuchi et al. 2015).
The transformation of global shape is thus one of the
very interesting consequences of the wet compaction
events that drive the evolution of galaxies in several
different ways. The compactions produce compact star-
forming blue nuggets and may activate central AGNs.
These trigger gas depletion from the centre and lead
to inside-out quenching (Tacchella et al. 2015b; Zolotov
et al. 2015). The sequence of compaction and quenching
attempts can explain the confinement of star-forming
galaxies into a narrow main sequence (Tacchella et al.
2015c). The associated transformation of shape adds to
the realization that the events of wet compaction are
important milestones in the history of galaxies.
MNRAS 000, 1–22 (2002)
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